successful pregnancy. [2] Successful implantation depends on the embryo's quality, embryo-endometrium interaction, and endometrial receptivity, of which inadequate endometrial receptivity is responsible for approximately two-thirds of implantation failures. [3] [4] [5] The term, "endometrial receptivity", is introduced to define the state of the endometrium during the window of implantation (WOI), which onsets 4-5 days after the endogenous/exogenous progesterone stimulation and ends 9-10 days afterward. [6] During this period, the endometrium acquires new adhesive properties allowing embryo adhesion and subsequent invasion. [7] Given its key role in successful implantation, predicting and improving endometrial receptivity is critical and may ultimately improve the pregnancy success rate of IVF-ET. [8] Unfortunately, no effective diagnostic tools are yet available to precisely predict endometrial receptivity. [9] MicroRNAs (miRNAs) are small RNA fragments (18-25 nucleotides) that act as posttranscriptional regulators of various gene targets (either negatively or positively) rather than encoding proteins themselves. [10] miRNAs play a role in some biological processes, such as cellular differentiation, proliferation, and apoptosis, which are involved in implantation. [11] [12] [13] Therefore, several studies have been conducted to explore their role in endometrial receptivity. The miRNA expression profiles in human endometrium at different phases have been previously investigated. Kuokkanen et al. [14] studied the mRNA and miRNA profiles of fertile women's endometrial epithelial cells in the late proliferative and mid-secretory phases, respectively. They found that miRNA played a role in influencing endometrial receptivity through regulating the relevant genes' expression. Altmäe et al. [15] compared the miRNA profile of prereceptive (LH+2) and receptive endometrium (LH+7) from fertile, nonstimulated women and revealed miR-30b, miR-30d, and miR-494's roles in regulating endometrium receptivity. Revel's study [16] showed the different miRNA profiles of the secretory endometrium between patients with repeated implantation failure (RIF) and fertile women. These data have clearly demonstrated that miRNA expression profiles of different populations/stages may differ and therefore should be applied in the diagnosis of endometrial receptivity, but further investigation is required due to study limitations.
Despite its diverse definitions, RIF is generally defined as failure to achieve a clinical pregnancy after transferring at least four good-quality embryos in at least three fresh or frozen cycles. [17] We hypothesized that the endometrial receptivity of RIF patients is low, while that of infertile women, who conceived after only one embryo transfer attempt, is high. The aim of this study was to identify the different miRNA expression profiles between these two populations, which may further provide a good predictor for helping to differentiate the discrepant endometrial receptivity.
MEthods

Patients
A total of 22 female infertile patients were enrolled in this study. Twelve patients (numbered RIF1-RIF12), who all had a history of RIF, participated in the study group (RIF group). These participants had previously received in vitro fertilization/intracytoplasmic sperm injection (IVF/ICSI) treatment and had suffered at least three embryo transfer failures, in which at least four morphologically high-grade embryos were transferred in total. Further, in this group, there were no other obvious explanations for their RIFs, such as polycystic ovary syndrome, ovarian tumors, polyps, fibroids, endometriosis, hydrosalpinx, adenomyosis, and uterine malformation. Ten infertile patients (due to male infertility, tubal factors, or unexplained infertility; numbered C1-C10), who conceived and delivered after the first attempt of embryo transfer, were recruited as the control group.
Inclusion criteria for all participants were age <40 years; regular menstrual cycles; normal uterine cavity confirmed by hysteroscopy, and more specifically, without intrauterine adhesions or inflammation; endometrial thickness in the late follicular phase of ≥7 mm in ultrasonography; normal ovarian reserve (follicle-stimulating hormone <9.6 mU/ml); [18] a normal ovarian response to the stimulation protocol (>8 oocytes retrieved in a controlled ovary hyperstimulation cycle); and no hormone (estradiol/progesterone) applied during the endometrial biopsy cycle. 
Endometrial biopsy specimens
Endometrial biopsies were performed by dilation and curettage during hysteroscopy, 5-7 days after ovulation. Ovulation was determined according to ultrasound combined with morning urine LH detection. Endometrial tissue was immediately sent to the laboratory to make sure it was processed within 1 h after the biopsy. Each sample was divided into two portions: one of which was fixed in 10% formalin and processed for histological evaluation (hematoxylin-eosin [H-E]); the second portion was frozen at −80°C for subsequent RNA extraction.
MicroRNA extraction and purifying
Total RNA was isolated from endometrial specimens using Trizol reagent (Invitrogen, USA) following the suppliers' protocol, and miRNA was then purified using the mirVan miRNA Isolation Kit (AM1561, Ambion, USA) according to the manufacturer's instructions. The purity and concentration of RNA was determined by OD260/280 from a spectrophotometer (NanoDrop, ND-1000). The RNA integrity was examined by 1% formaldehyde denaturing gel electrophoresis. RNA with an OD260/280 between 1.8 and 2.0 and no degradation by electrophoresis was considered of good-quality and was included in further experiments.
MicroRNA array and microarray experiments
The transcription analysis of miRNA was performed using an miRNA Array (ID: 046064, Agilent, USA), which contains probes interrogating 2006 human mature miRNAs from miRBase R19.0 and 2164 Agilent control probes.
The miRNA microarray experiments were conducted according to the manufacturer's instructions for the miRNA Complete Labeling and Hyb Kit (Agilent). Then, 200 ng isolated RNA per sample was dephosphorylated and ligated with Cyanine3-pCp, and the labeled RNA was purified and hybridized to miRNA arrays. Images were scanned using the Agilent microarray scanner (G2565CA, Agilent). The arrays were then gridded and analyzed using Agilent Feature Extraction software version 10.10 (Agilent).
Microarray data analysis
The miRNA array data were analyzed for data summarization, normalization, and quality control using GeneSpring software version 13.0 (Agilent). The significance (P value) of the normalized value for raw data from each sample of the RIF and control group was calculated by an unpaired t-test and then corrected by the Benjamini-Hochberg method. The fold change was also calculated using the normalized value of the raw data. Two criteria were used to select the differentially expressed genes: a fold change ≥2 and a P < 0.05. To reduce the false discovery rate of genes, we excluded from our analysis miRNAs whose expression was detected in less than three samples in either the RIF or control groups. Furthermore, we adjusted the threshold to 5-and 10-fold changes to disclose miRNAs whose expression levels were more significantly different between the two groups.
Supervised hierarchical clustering with average linkage clustering analysis was further carried out on these differentially expressed miRNAs using Cluster version 3.0 software and Java Treeview (Stanford University School of Medicine, Stanford, CA, USA) to visually assess the differentially expressed miRNA profiles of the RIF and control groups.
Functional analysis of differentially expressed microRNAs
To discover the patterns and rules of the differentially expressed miRNAs, functional enrichment analysis was performed using tool for annotations of microRNAs (TAM) software (http://www.cuilab.cn/tam).
TAM, the tool for annotations of human miRNAs, is a web-accessible program that integrates miRNAs into different sets according to various rules and provides us with functions of interested miRNAs. Currently, TAM collects 238 miRNA sets, which include 413 distinct miRNAs. [19] Regulatory network analysis of differentially expressed microRNAs and mRNAs Based on the idea that miRNAs reduce, at least partially, the expression of targeted mRNAs, we constructed the miRNA-mRNA regulatory network of these differentially expressed miRNAs and those differentially expressed mRNAs we found from mRNA microarray study on the same samples. To improve the quality of prediction, the regulatory relationships were predicted by combining four existing algorithms: TargetScan, miRanda, Pictar, and DIANA, which were implemented with a Bioconductor package (http://bioconductor.org/), miRNAtap, in the R software environment (http://www.r-project.org). The diagram of the network was generated by Cytoscape.
Validation of the microarray data by quantitative real-time polymerase chain reaction
To validate our microarray findings, 10 new samples consisting of 5 from the RIF group (RIF8, RIF9, RIF10, RIF11, and RIF12) and 5 from the control group (C6, C7, C8, C9, and C10) were used to assess the expression of some miRNAs by quantitative real-time polymerase chain reaction (PCR). We selected miRNAs with a high-fold change and/or miRNAs reported in other similar literature before performing the validation. The names of the selected miRNAs and the corresponding primer sequences are listed in Supplementary Table S1 .
We applied the poly(A) method to confirm the expression of miRNAs. After being purified with the mirVanaTM miRNA Isolation Kit (Applied Biosystems, USA), total RNA was used for the RT reaction to generate the first strand cDNA using the miRcute miRNA cDNA First-Strand reverse transcription mixture (KR201). Quantitative real-time PCR was then performed according to the miRcute miRNA reverse transcription PCR (RT-PCR) protocol, using U6 as the housekeeping gene. The relative expression was calculated using 2 −ΔΔCt method and analyzed with an unpaired t-test.
rEsults
Patients
The clinical characteristics of the two groups are listed in Table 1 . There were no significant differences between the two groups in mean age, body mass index, length of menstrual cycle, menstrual duration, or endometrial thickness on the day of LH surge. Participants' additional detailed clinical information is presented in Supplementary Table S2 . The histological evaluation results for each sample reported normal mid-secretory endometrium. The micrograph of H-E staining for each sample was similar to that of RIF10 [Supplementary Figure S1] .
Results of microarray analysis
The miRNA array identified 105 microarray probes with expression levels in RIF patients that were 2-fold greater compared with those in the control group (93 upregulated and 12 downregulated). With a threshold of 5-fold and 10-fold changes, 70 (67 upregulated and 3 downregulated) and 49 (46 upregulated and 3 downregulated) miRNAs were identified, respectively [ Table 2 ]. However, after the raw signal value correction (>50 for each sample), only 15 miRNAs were found to express in a significantly different way using 2-fold change as the threshold [ Table 3 ]. All the differentially expressed genes are listed in Supplementary  Table S3 , and the raw data have been uploaded into the Gene Expression Omnibus database (number: GSE71332).
In terms of the supervised hierarchical clustering analysis, the dendrograms showed satisfying segregation of the gene expression levels for samples from the two groups, based on the differentially expressed miRNAs [ Figure 1 ]. The first branch in the miRNA heat maps was able to differentiate samples from the RIF group and the control group. This finding suggested a diverse miRNA expression profile for WOI endometrium between RIF patients and those who conceived after their first attempt of IVF/ICSI.
Functional analysis of differentially expressed microRNAs
TAM analysis was used to gain an in-depth understanding of the biological functions of the differentially expressed miRNAs. According to the TAM analysis results, mir-30 family, human embryonic stem cell regulation, epithelial-mesenchymal transition, and miRNA tumor suppressors were the most relevant miRNA functional sets [ Figure 2 ].
Construction of a regulatory network of differentially expressed microRNAs and mRNAs
The relationships between the dysregulated miRNAs and mRNAs were predicted by network regulatory analysis software. A total of 176 interactions between miRNAs and mRNAs were found, of which 122 were for upregulated miRNAs and downregulated mRNAs and 54 were for downregulated miRNAs and upregulated mRNAs. The top core mRNA was ABP1, which was regulated by 13 miRNAs, followed by AQP3, ASS1, and TIMP3 (regulated by 6 miRNAs). The top core miRNA was has-miR-4668-5p, which regulated 14 mRNAs, followed by has-miR-429 and has-miR-5088 (which regulated 9 mRNAs) [ Figure 3 ].
Validation of microRNA expression using quantitative reverse transcription polymerase chain reaction
To validate the differences in transcript levels found in the microarrays, a selected set of miRNAs was chosen for quantitative RT-PCR. New endometrial samples from the RIF group (n = 5; RIF8, RIF9, RIF10, RIF11, and RIF12) and control group (n = 5; C6, C7, C8, C9, and C10) were used for this validation.
Selection for validated miRNAs was done according to the following criteria: (i) miRNAs, the raw signal for each sample in the miRNA microarray analysis was >50 and was differentially up-or down-regulated in samples from the RIF group compared with the control group; and (ii) miRNAs that were in the core mRNA-miRNA network results. The RT-PCR results were in agreement with that of the microarray for all miRNAs: hsa-miR-374a-5p, hsa-miR-145-5p, hsa-miR-30b-5p, hsa-miR-196b-5p, hsa-miR-199a-5p, hsa-miR-199b-5p, hsa-miR-449a, hsa-miR-424-5p, hsa-miR-125b-5p, and hsa-miR-21-5p were elevated and hsa-miR-1207-5p, hsa-miR-4306, hsa-miR-572, hsa-miR-5739, hsa-miR-6088, hsa-miR-4668-5p, hsa-miR-429, and hsa-miR-5088 were reduced in the RIF group compared with the control group [ Figure 4 ].
discussion
Until now, an objective diagnosis of endometrial receptivity remained neglected, which limited the improvement of clinical IVF/ICSI success from the endometrial perspective. Therefore, we used a microarray technique to investigate the miRNA profile of women with RIF compared to women who conceived after their first attempt of embryo transfer. We found that 105 differentially expressed miRNAs could result in two distinct groups by hierarchical clustering: RIF endometrium and the control group endometrium.
Previous research using a miRNA microarray to study endometrial receptivity can be generally grouped into two categories: (i) to compare the dynamic genomic expression profiles of endometrium from the proliferative phase to the WOI in fertile women; and (ii) to investigate the differential genomic expression profiles between fertile and infertile women.
In the first category, 4 studies have been reported. Has-miR-30b, has-miR-30d, and has-miR-494 were considered to play important roles in regulating endometrial receptivity. Compared with the prereceptive endometrium, hsa-miR-30b and hsa-miR-30d were found to be significantly upregulated and hsa-miR-494 was found to be downregulated in receptive endometrium. [15] In our study, hsa-miR-30b was also found to be upregulated in the RIF group. It is indicated that the destroyed endometrial receptivity of RIF patients was related to miRNAs other than hsa-miR-30b.
For the second category, only one study by Revel et al. [16] was reported, which found 13 deregulated miRNAs (1 were upregulated and 12 were downregulated). Different microarray platforms contributed mostly to the coincidence of the numbers of dysregulated miRNAs between our results and results of Ariel Revel's study. The miRNA Array card we used contained 2006 mature human miRNAs while the card Revel's group used only contained 381 mature human miRNAs. However, we also obtained two shared deregulated miRNAs: hsa-miR-145 and has-miR-374, which were both upregulated in the RIF patients in our study. ERα, mucin1 and RTKN, which play important roles in the acquisition of endometrial receptivity, have been validated to be the target genes of has-miR-145. In Revel's study, they thought that upregulated hsa-miR-145 might destroy endometrial receptivity in RIF patients by reducing endometrial ERα and mucin1 expression, which was also validated by Western-blot as downregulated. [16] In our study, we also detected the expression of mucin1, ERα, and RTKN by RT-PCR in the WOI endometrium from the two groups. Unexpectedly, ERα and RTKN were found to be upregulated in our RIF group, while mucin1 presented with a similar expression levels in both of our groups. Such a result may due to our small sample size (i.e., bias) or by has-miR-145 impairing the endometrial receptivity via regulating the expression of other target genes. Hsa-miR-374, located on chromosome Xq13.2, has been previously shown to constitutively activate Wnt/b-catenin signaling, [20] which has been reported to participate in the implantation process in several studies. [21, 22] Since miRNAs act as the post-transcriptional regulators of mRNA, usually negatively, we created a regulatory network of differentially expressed mRNAs and miRNAs and found 176 regulated pairs. The top 3 core miRNAs were has-miR-4668-5p, has-miR-429, and has-miR-5088, of which has-miR-4668-5p was downregulated, while has-miR-429 and has-miR-5088 were upregulated in the RIF group. The targeted mRNAs of has-miR-429 and has-miR-5088, DPP4, SERPING1, and AQP3 were validated to be downregulated in the new RIF samples in our previous report. These results indicated that the endometrial receptivity of RIF patients may be impacted by the expression of these mRNAs, which were regulated by specific miRNAs. Hence, we should pay more attention to miRNAs in future studies, which may shed some light on potential treatment for RIF.
In conclusion, we performed miRNA microarray on the samples from the RIF and control groups. Differentially expressed miRNAs were found and analyzed for their role in the establishment of endometrial receptivity. We found that has-miR-145, hsa-miR-374, hsa-miR-4668-5p, hsa-miR-429, and hsa-miR-5088 may be relevant to the low endometrial receptivity of RIF patients. We hypothesize that an array including miRNAs may increase the specificity for diagnosing the endometrial receptivity of patients with RIF, and our report provides clues to this diagnostic tool. 
